We studied by ultrafast time-resolved absorption spectroscopy the geminate recombination of NO to the oxygenase domain of the inducible NO synthase, iNOSoxy, and to mutated proteins at position Trp-457. This tryptophan interacts with the tetrahydrobiopterin cofactor BH 4 , and W457A/F mutations largely reduced the catalytic formation of NO. BH 4 decreases the rate of NO rebinding to the ferric iNOSoxy compared with that measured in its absence. The pterin has a larger effect on W457A/F than on the WT protein by increasing NO release from the protein. Therefore, BH 4 raises the energy barrier for NO recombination to the mutated proteins in contrast with our observations on eNOS (SlamaSchwok, A., Né grerie, M., Berka, V., Lambry, J. The inducible NO-synthase (iNOS), 1 best characterized from macrophages, generates the highest NO concentration among the three isoforms of NOS. High NO concentrations counter pathogens by their cytotoxicity and taking part in the response of the immune system. In contrast, the constitutive isoforms, the neuronal nNOS and, especially, the endothelial eNOS produce NO at low concentrations, which acts as a physiological signal in vasorelaxation, neurotransmission, and oxygen detection (1).
The NOS enzymes utilize NADPH as a donor of electrons, arginine, and oxygen as co-substrates (2) . The cofactor tetrahydrobiopterin BH 4 is required for NO production and strongly decreases the level of superoxide ions formed by NOS in its absence (3) . The binding of BH 4 to iNOS has structural effects in promoting the enzyme dimerization (4 -6) , in increasing the binding affinity for the substrate, in shifting the heme spin state from low spin to high spin (7) , and in modifying the heme midpoint potential (8) . In addition to these structural roles, BH 4 is involved in the catalysis as an electron donor to Fe(II)-O 2 complex (9 -11) . Direct evidence for a pterin radical was obtained by rapid freeze-quench EPR (12) .
According to the x-ray structures of iNOS oxygenase domain, BH 4 makes hydrogen bonds with the heme propionate and extensive interactions with the residues Trp-455, Trp-457, Phe-470, Arg-375, and Arg-193 (13) (14) (15) (16) . Mutation of the residues located near the BH 4 binding site in the oxygenase domain of iNOS shows that hydrogen bonding and stacking modify the extent of dimer formation, the heme environment, and the efficiency of NO synthesis. Specifically, the mutation of Trp-457 into Phe and Ala allowed for dimerization but decreased the NO synthesis activity 3.3-fold and 8-fold, respectively (17) . Single-turnover experiments using these mutated proteins followed the formation and decay of Fe(II)-O 2 and the BH 4 radical as intermediates, yielding the ferric complex as the final species (18 -19) . These studies showed that Trp-457 ensured a correct rate of electron transfer from BH 4 to Fe(II)-O 2 in the presence of arginine, which maximized the extent of N-hydroxyarginine formed. In the second step of catalysis, Trp-457 modulated the kinetics of N-hydroxyarginine oxidation by iNOS, although the BH 4 radical was not detectable (in the millisecond time scale). However, the rate of Fe(II)-O 2 decay was coupled with the rate of citrulline formation. The amount of citrulline per heme decreased to 54 and 38% in W457F and W457A, respectively, compared with the wild type.
Several publications characterized a reversible inhibition of iNOS related to the heme binding of self-generated NO. During steady-state catalysis, the ferric nitrosyl complex mainly accumulated, whereas during the first seconds of catalysis, the ferrous-NO complex has also been detected (12, 20) . Heme-NO complex buildup was biphasic, with a fast "pre-equilibrium" phase of all newly formed NO binding to the ferric NOS heme before leaving the active site. This phase accounted for about 30% of the absorption changes, whereas a slower phase occurring in the tens of seconds reflected the binding of NO that builds up in solution to the ferric heme. Modeling studies of NOS catalysis could reproduce these phases (21) .
In this report, we study the geminate recombination of NO to the ferric and ferrous states of iNOSoxy (WT). NO recombines much faster to the ferrous heme than to the ferric heme of * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed. iNOS, in contrast with eNOS. This fact is consistent with the specificity of the catalysis of both isoforms. We also found differential effects of the tetrahydrobiopterin cofactor on NO release from iNOS and eNOS. These results are discussed from the perspective of simulations of the molecular dynamics.
We also studied the mutated proteins W457F and W457A to check whether the large decrease in NO yield induced by the Trp mutation can be partly accounted for by modifications of NO release. Our results clearly show that the mutation has a minimal effect on the rate and extent of NO release and mainly reduces the efficiency of the catalysis.
EXPERIMENTAL PROCEDURES
Materials-L-arginine, (6R)5,6,7,8-tetrahydrobiopterin (BH 4 ), as well as chemicals used for the HEPES buffer, DTT, sodium dithionite, potassium ferricyanide, and glycerol were purchased from Sigma. NO gas diluted at 1% or 10% in argon, pure NO (99.999%) and high purity argon (99.9995%) were obtained from Air Product or Alpha Gaz.
Expression of the Enzymes-Wild-type and mutant iNOSoxy ⌬-65 proteins (amino acids 66 -498 plus a six His tag extension at the C terminus) were over-expressed in BL21 cells using the pCWori vector and purified as reported previously (17) .
Preparation of Samples for Spectroscopy-A concentrated solution of wild-type iNOSoxy or Trp-457 mutants (at a final concentration of 67 M) in 50 mM HEPES buffer, pH 7.5, and 5% glycerol was mixed with 1 or 20 mM arginine in an optical cuvette with a 1-mm path length. It was sealed with a rubber stopper and degassed by repetitive cycles of vacuum and argon. Anaerobic solutions of 1 mM BH 4 and DTT (3 mM final concentration) were added to the protein containing arginine when BH 4 -repleted samples were needed. The concentration of BH 4 was determined by its absorbance at 298 nm (⑀ 298 ϭ 9.4 ϫ 10 3 M Ϫ1 cm Ϫ1 ) measured in the HEPES buffer at pH ϭ 7.5 and found to be similar to the reported value (22) . The solution was then incubated overnight on ice to allow completeness of the equilibration. NO gas was then introduced in the cell at a pressure of 1.3 bar using a gas train. When experiments with the reduced enzyme were performed, a slight molar excess of dithionite solution (that was previously titrated with potassium ferricyanide) was used. Depending on the NO concentration used, it was sometimes necessary to add more dithionite (2 to 3 equivalents) to achieve a stable ferrous-nitrosyl complex during the course of our laser experiment.
Time-resolved Spectroscopy-Time-resolved spectroscopy was performed with a 30 Hz pump-probe laser set-up described previously (23) . Photodissociation of NO-bound iNOS was achieved by an excitation pulse at 582 nm, with a pulse width of 40 fs. The transient spectrum detected after a variable delay was probed with a white light continuum pulse, whose group velocity dispersion was minimized at 400 nm by a set of prisms. The wavelength calibration of the charge-coupled device camera was checked every day by using a thin-band filter. 25 scans were simultaneously recorded in three time windows: 50 ps, 500 ps, and 2 or 4 ns. Carbon monoxide bound to reduced myoglobin was monitored under the same conditions and used as a reference of flat kinetics in the time scales of 500 ps to 4 ns (24) . Analysis of the data was performed by singular matrix decomposition of the time-wavelength matrix (25) .
Molecular Dynamics Simulations-The modeling was performed by using the CHARMM27 software on an HP J5600 computer. The calculations used the file for Protein Data Bank ID code 1NSI (26 -28) . The dimer was composed of two identical chains of 431 residues each, two iron protoporphyrins, one Zn atom at the dimer interface, two NO ligands, two BH 4 and arginine molecules, 279 water molecules from the x-ray data, to which a "bath" of 4035 water molecules was added. Hydrogen atoms were generated by using the CHARMM HBUILD command. The energy of the structure was minimized. A relative dielectric constant equal to unity was applied to the entire structure. The equations of motion were numerically integrated using the Verlet algorithm with 1-fs time steps. To prepare simulations, an initial heating from 0 to 300°K was performed, and the speed of the atoms was calculated according to a Maxwell distribution. An equilibration at 300°K was then achieved in five steps of 50 ps each, allowing us to obtain a stable starting structure to perform the simulations of the NO dissociation. To simulate NO dissociation, the sudden approximation was used, by deleting the Fe-NO bond. The structure was allowed to relax during 10 to 20 ps, by incremental steps of 1 fs. Four trajectories of 10 ps, representing eight dissociation events, were performed for BH 4 -bound iNOSoxy. Two trajectories of 10 and 20 ps were calculated for iNOSoxy without cofactor.
RESULTS

Effect of the BH 4 Concentration on the WT Ferric iNOSoxy
Steady-state Absorption-The wild-type iNOSoxy protein presents a maximum of the Soret band at max ϭ 422 nm without substrate and the BH 4 cofactor. This peak accounts for the low spin state of the sample. The addition of 20 mM arginine alone induces a partial shift from 422 nm to a broad maximum of the Soret band around 402 nm and a marked shoulder at 422 nm (29) . Addition of 1 mM of BH 4 in the presence of DTT completely shifts the protein to high spin: the Soret band then peaks at 395 nm (5) .
NO binding shifts the Soret maximum to 440 nm, and two Q bands are observed at 548 and 575 nm (Fig. 1) . The NO complexes of the protein in the presence of arginine alone or with both arginine and BH 4 are stable.
Transient Absorption-Our laser set-up allowed us to cleave selectively the iron-NO bond by excitation of the complex at 582 nm, a wavelength located within one of the Q bands of the nitrosyl complex ( max ϭ 575 nm). This bond cleavage is effective within the pulse width (40 fs). We then followed the ab- sorption changes associated with NO rebinding to the heme. These changes corresponded to an absorption difference at a given time relative to that before the laser shot. In our experiment, we measured the geminate recombination that involves the rebinding of photo-dissociated NO molecules prior to their escape from the protein into the solvent. This takes place in the time scale of a few ps to 4 ns. We did not follow the slower phase, occurring in milliseconds, because of NO recombination with the heme after its escape into the solvent, which is a bimolecular reaction.
The transient spectrum presented a maximum absorption at 397 nm, a bleaching with a minimum at 442 nm, and two isosbestic points at 421 and 469 nm (Fig. 1) . This result held true with or without 1 mM BH 4 . These spectral features are characteristic of the ferric unliganded iNOSoxy with some quantitative differences. The steady-state difference spectrum presents the same extrema, but the intensity of the peak at 397 nm is somewhat smaller than the transient one, and the isosbestic point is blue-shifted to 418 nm. The latter differences are more marked in the absence of BH 4 (data not shown). Thus, in the steady state, there is a mixed population between low-and high-spin species, depending on the BH 4 content in the absence of NO. Once NO is bound, the ferric species turn to purely high spin, evidenced in the transient spectra. They retain their shape, and their amplitude decreases with time. Thus, the kinetics is associated with the decay of the same ferric species in a high-spin state that undergoes geminate recombination.
The geminate recombination of NO to the ferric heme of iNOSoxy involves two phases: a fast phase occurring in picoseconds, and a slower step taking place in nanoseconds (Fig. 2) . This multi-exponential decay does not come from the heterogeneity in the dimer population. Indeed, the concentration of 70 M of protein used in our experiments insured that iNOSoxy and W457A/F were dimeric. Indeed, 0.1 M protein already formed 60, 70, and Ͼ90% dimer, respectively, for W457F, W457A, and iNOSoxy in the presence of 20 mM arginine (17) .
The fast phase is best fitted by two exponentials, 1 ϭ 50 Ϯ 5 ps, and 2 ϭ 425 Ϯ 25 ps; the long component is 3 ϭ 1.7 Ϯ 0.2 ns, obtained with arginine and the cofactor. The A 4 asymptotic value represents the upper limit of the probability of NO escape from the protein without rebinding. Thus, about 13% of the photodissociated NO molecules are able to escape geminate recombination in the presence of arginine.
The rate of NO rebinding to the heme depended upon the BH 4 concentration (Fig. 2) . The extent of decay decreased in the tens of picoseconds but increased in the hundreds of picoseconds in the absence of BH 4 , compared with that at 1 mM BH 4 . In addition, the lifetimes 1 and 2 are larger with the cofactor than without ( Fig. 2A and Table I ). Similar results were obtained by changing the arginine concentration from 20 mM to 1 mM, while BH 4 was kept constant at 1 mM (data not shown). Nonetheless, the kinetics reached a similar extent of decay after about 2 ns, i.e. 80% decay independently of the BH 4 concentration used. The kinetics were independent of the NO concentration in the range 1-10% in the gas phase (Table I and data not shown).
Effect of the BH 4 Concentration on the Mutated Proteins W457A/F
The affinity for both arginine and BH 4 was lower for the mutated proteins W457A/F than for the wild type (17) . We measured the absorbance of the Soret band of W457A at different concentrations of BH 4 in the presence of 20 mM arginine. The shift from 423 to 395 nm was nearly reached at 1 mM BH 4 ; it was achieved at 3 mM BH 4 (data not shown).
The geminate recombination was clearly much faster without than with 1 mM BH 4 , following a similar qualitative trend as that seen for the wild-type protein (Fig. 2, A and B and Table  I) . A large effect of BH 4 is observed in the first exponential, both in its lifetime varying from 1 ϭ 20 to 44 ps and in its amplitude A 1 ϭ 0.39 to 0.18 in the absence/presence of BH 4 respectively . The addition of 1 mM BH 4 also increased the constant term compared with that obtained in BH 4 -free solutions ( Fig. 2B and Table I ). This contrasts with the lack of such an effect in the wild-type enzyme. The mutated protein W457F followed a similar behavior than W457A with respect to the effect of BH 4 on the geminate recombination rate (Table I) .
Effect of the Heme Redox State on the Geminate Recombination
The transient absorption of the reduced iNOS is red-shifted to 407 nm compared with that of the oxidized protein peaking at 397 nm. This maximum at 407 nm is close to that observed in the steady-state absorption max ϭ 410 nm. The geminate recombination of NO to the reduced heme, shown in Fig. 3 , is best fitted by three exponential terms, 1 ϭ 40 Ϯ 2 ps, 2 ϭ 210 Ϯ 10 ps, and 3 ϭ 1650 Ϯ 80 ps. The same parameters were obtained within experimental error at either 1 or 10 mM BH 4 in the presence of dithionite (data not shown). The constant term is close to zero, thus none of the dissociated NO molecules escaped geminate recombination when the heme was in its ferrous state. Fig. 3A compares the geminate rebinding of NO to iNOS as a function of its redox state. The rate of NO rebinding to the ferrous heme is faster relative to that of the corresponding ferric species. The pre-exponential term A 1 increases from 0.15 to 0.34, and the second lifetime 2 decreases from 425 to 210 ps in the ferric compared with the ferrous state. Moreover, the NO rebinding is complete when the heme is reduced, in contrast with a probability reaching 13% of NO escape from rebinding for the oxidized species. Fig. 3B shows that the extent of NO recombination is much lower in eNOS enzyme than in iNOS. The effect of the redox state on the geminate rebinding of both NOS isoforms will be discussed below.
Effect of the Trp-457 Mutation on NO Rebinding to the Ferric and Ferrous iNOSoxy
Fig . 4A compares the geminate recombination of NO to the three proteins in the presence of both arginine and BH 4 . Under these conditions, all three samples formed the ferric high-spin unliganded heme after photo-dissociation (Figs. 1 and 2A) . The kinetics of NO rebinding differ in the hundreds of picoseconds: 2 ϭ 425 Ϯ 30 ps for the wild type compared with 2 ϭ 230 Ϯ 30 ps for W457A/F. The constant term increases somewhat, from 13 to 24% by mutation of W to A or F, respectively ( Fig. 2 and Table I ). Fig. 4B compares the rebinding of NO to the reduced proteins in the presence of arginine and BH 4 . The kinetics of NO rebinding to either W457A/F are very similarly fitted by two exponential terms, 1 ϭ 34 Ϯ 6 ps and 2 ϭ 350 Ϯ 70 ps and a constant one. These decays are much faster than that obtained with the wild-type protein, especially in the tens of picoseconds. The weight of the first exponential term largely increases from 0.34 in iNOSoxy to 0.54 in both W457A and W457F. As shown in Table I , the recombination of NO to the ferrous heme does not depend on the NO concentration in the range 0.1-10%.
Molecular Dynamics Simulations
Simulations of the dynamics of NO dissociation were performed by using the structure of BH 4 -bound iNOSoxy (Protein Data Bank ID code 1NSI) (26, 28) . Fig. 5 shows the structure of the reduced heme in the presence of arginine and pterin represented in red. Superimposed is the structure simulated in the absence of the cofactor depicted in blue. The pterin site is left empty by the absence of BH 4 . To the best of our knowledge, there is no experimental evidence showing that the arginine is able to replace the missing pterin, as it occurs in eNOS (30) . The two simulated structures differ in the tilt of Trp-457 when the pterin site remains vacant and in some accommodation of the heme propionate chains. 4 on NO Rebinding to the Ferric Heme of iNOSoxy and W457A/F-Our transient absorption measurements probe the rebinding of NO to the heme once it is photodissociated; only intra-protein dynamics are relevant in the investigated time scales. The picosecond phase corresponds to NO rebinding that did not leave the heme pocket, whereas the nanosecond phase reflects the rebinding of NO molecules that left the heme pocket but were still in the protein. The former phase is probably lacking activation energy, whereas the latter process has to overcome an energy barrier. The upper limit of the probability of NO escape from the protein is given by the A 4 asymptotic value (Table I) .
DISCUSSION
Effect of BH
The geminate recombination rate is decreased in the picosecond range by the presence of BH 4 , compared with BH 4 -depleted proteins (Fig. 2A) . This effect is enhanced in the mutated proteins. This clearly points to a rearrangement of the heme pocket induced by the pterin. No structure is available for BH 4 -depleted iNOSoxy. Thus, we simulated the molecular dynamics based on the structure of BH 4 -bound iNOSoxy to which the pterin was removed (Protein Data Bank ID code 1NSI; Ref. 26) . The calculations, made on the ferrous nitrosyl, suggest a tilt of Trp-457 toward the vacant site of the missing pterin, compared with its position adopted in the presence of BH 4 . The heme propionates adapt their position adequately to Trp-457 rotation (Fig. 5) . This simulated change of Trp-457 position is likely to be relevant for the ferric heme, because it arises from steric rather than electronic coupling effects that may depend upon the valence of the heme iron (data not shown).
The larger effect of the pterin on the W457A than on WT probably reflects a larger rearrangement of the heme pocket arising from the smaller size of the Ala side chain compared with Trp. This effect may extend to remote residues, like those located at the protein solvent or the dimer interface. The smaller steric hindrance of Ala than Trp (with respect to that of BH 4 ) may explain the enhanced probability of NO escape in W457A than in iNOSoxy. W457F showed an intermediate effect ( Fig. 2 and Table I ). The slower rebinding of the NO molecules generated with excess energy is consistent with the   FIG. 3 . Comparison of the kinetics of geminate recombination of NO to the ferric and ferrous heme of iNOS and eNOS. A, f, iNOS ferric heme; and E, ferrous heme. 67-80 M protein in the presence of 20 mM arginine, 1 mM BH 4 , 50 mM HEPES, pH 7.5, 5% glycerol, 3 mM DTT, 10% NO in the gas phase. B, f, eNOS ferric heme; E, ferrous heme (Refs. 31 and 32). 50 M protein repleted with 0.5-0.6 BH 4 equivalent, 5 mM arginine, 50 mM HEPES, pH 7.5, 5% glycerol, 100 and 10% NO in the gas phase, respectively.
increase in the energy barrier for recombination in the mutated proteins. This contrasts with the lack of such an effect in the WT protein
This control of NO release from NOS depends on the isoform and its specific redox state. The effect of BH 4 on the rate of NO rebinding to ferric iNOSoxy contrasts the lack of such dependence in the case of the ferric eNOS (31) . It is opposite to the one observed on NO rebinding to the ferrous eNOS (32) . The simulations show that NO (represented by green and magenta bars) remains localized on the heme over 10 ps independently of BH 4 (Fig. 5) . Such contrasting effects may arise from the topological changes in the BH 4 -containing cavity of the two NOS isoforms (26, 33) . Specifically, a residue of the H15 helix, eNOS Ala-446 is changed into iNOS Ile-462, the latter making a looser hydrogen bond with Asn-8 of BH 4 than the former. In addition, Met-120 in iNOS substitutes for Val-106, whose bulkier side chain makes a tighter contact with the pterin Asn-5 atom. The steric effect of this valine probably limits NO release in the presence of the cofactor.
Alternatively, the pterin could stabilize differently the ironthiolate linkage of iNOS and of the endothelial enzyme, in turn affecting the heme redox potential (34) . This hypothesis is consistent with the modification of the heme iron reactivity of iNOS by BH 4 (8) . The pterin increases the coupling between the heme and the cofactor and, in turn, lowers the heme redox potential of iNOS from Ϫ347 to Ϫ295 mV without and with pterin, respectively (8) . This effect probably results from the formation of the key hydrogen bonds between BH 4 and the heme propionate that increases the heme planarity. The redox potential of the heme of eNOS and iNOS with BH 4 and bound arginine are similar: Ϫ250 to Ϫ260 mV (8, 35, 36) , but the effect of the pterin on eNOS redox potential is unknown. Nevertheless, changes in heme geometries have been linked to variations in the redox potential of heme irons. For example, addition of arginine promotes changes of heme geometry, which are indicated by the observation of low-frequency, pyrole vibrational modes (35) . It also induces a large decrease in the geminate recombination rate of the ferric enzyme (31) . This assumed role of the pterin in modulating the strength of the Fe-S bond and, in turn, the redox potential in a specific manner for each of the two isoforms waits for further experimental support.
Effect of the Heme Redox State on the Geminate Recombination-Considering the general scheme of NOS catalysis proposed by Santolini et al. (21) , the relative reaction rates of Fe(II)-NO and Fe(III)-NO govern the activity of each isoform (Scheme 1). Specifically, iNOS is characterized by the relatively rapid oxidation rate of its ferrous heme-NO complex compared with the heme reduction rate, implying that the ferrous heme-NO species does not accumulate appreciably during iNOS catalysis in the absence of NO build-up in solution (20 -21) . The ferric nitrosyl complex is the species that accumulates during catalysis and regulates NO release from iNOS. This fact is nicely reflected by the large differences in both rates and the extent of recombination of the two redox species (shown in Fig. 3 ). The NO recombination to the reduced heme after 2 ns reaches at least 92%, in contrast with the 80% rebinding to the ferric iron, in agreement with the large difference in their respective k off values (21) .
As for the geminate recombination of the endothelial isoform (Fig. 3B) , the decays of both oxidized and reduced heme are very similar in the ps range, in contrast with the large difference observed in iNOSoxy on the same timescale. The ps-range decay probes the close environment of the heme, the structure of which does not differ much in both redox states of eNOS (34, 37) . Despite the lack of the x-ray data of the reduced iNOSoxy, the large difference in NO recombination to iNOS ferric and ferrous states suggests some modifications of the structure of the enzyme and/or the coupling between the heme and the pterin according to its redox state.
The decays of oxidized and reduced eNOS differ in the ns timescale. Both decays were much slower in eNOS than in iNOS. This result is consistent with a more efficient NO release from eNOS than from iNOS once NO is formed. The lack of ferrous nitrosyl complex during eNOS catalysis points out that the efficiency of eNOS catalysis is controlled by the heme reduction. However, there is a discrepancy between our geminate rebinding data of ferrous nitrosyl eNOS and iNOS and the reported k off value of ϳ10 Ϫ4 s Ϫ1 for both enzymes (21) . The two types of data should vary accordingly if the probability of Fe(II)-NO bond thermal cleavage is comparable in iNOS and eNOS. However, there are no available data on the relative strength of this bond in the two NOS isoforms.
Effect of the Trp-457 Mutation-The effect of the W457A/F mutation on the geminate recombination to the ferric BH 4 -repleted heme is mainly restricted to the hundreds of picoseconds time scale, which corresponds to NO rebinding from the heme pocket (Fig. 4A ). This confinement is consistent with the conservation of the key hydrogen-bonding of the BH 4 site in the mutated proteins (16) . The mutation also induces a somewhat larger asymptotic term in the mutated proteins, 0.25 and 0.23 Ϯ 0.03 for W457A and W457F respectively, compared with 0.13 Ϯ 0.02 in WT. However, the large decrease of NO yield induced by the mutation cannot be explained by the enhancement of geminate recombination rate. The decreased efficiency of the catalysis is thus the major effect of the mutation (17, 19) .
The W457A/F mutation increases the rate of NO rebinding to the ferrous heme in the mutated proteins relative to that in the wild-type one (Fig. 4B) . NO mainly remains restricted to the heme pocket of the mutated proteins, because most of the rebinding is accomplished within 500 ps. The ferrous heme-NO complex of iNOS undergoes oxidization and forms nitrate in the "futile" reaction cycle. Thus, the mutation should improve the efficiency of the futile cycle by its effect on the dynamics of NO rebinding to Fe(II), provided the rate of Fe(II)-NO oxidation by oxygen is unchanged by the mutation. However, NO rebinding to the ferrous heme is already quite efficient in the wild-type enzyme, so the overall effect of the mutation by improving the futile cycle may be minimal on the steady-state catalysis.
